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Ab5 iiatt 

E l e c t r i c a l  impedance was measured i n  the hippocampus, amygdala and 

midbra in r e t i c u l a r  format ion dur ing  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  

performances i n  the  c a t .  Measurements were made i n  f o c a l  volumes of approx- 

imate ly  1 - 0  cmm a t  1000 cyc les  per second w i t h  coax ia l  e lect rodes.  In the 

f u l l y  t r a i n e d  animal, computed averages o f  hippocampal impedance decreased 

by as much as 8 per  cent  o f  basel ine dur ing  v i s u a l  d i sc r im ina t i on ,  whereas 

a l e r t i n g  and o r i e n t i n g  responses immediately preceeding were no t  accompanied 

by comparable impedance changes. S im i ia r  measurements i n  the r o s t r a l  mid- 

b r a i n  r e t i c u l a r  fo rmat ion  showed small responses du r ing  o r i e n t a t i o n  and d i s -  

c r im ina t i on ,  and less cons tan t l y  dur ing a l e r t i n g  responses. The amygdala 

e x h i b i t e d  cons is ten t  responses on ly  i n  the a l e r t i n g  epoch. The magnitude 

of the  responses i n  hippocampus and midbra in increased w i t h  the l e v e l  o f  

behaviora l  performance. When behaviora l  cues were reversed, the hippo- 

campal impedance response sharp ly  increased on the f i r s t  pos t - reversa l  

day, b u t  r a p i d l y  dec l ined the rea f te r  and disappeared. Fur ther  r e t r a i n i n g  

was associated w i t h  gradual reappearance o f  the response. S i m i l a r  r e l a t i o n -  

sh ips  t o  l e v e l s  o f  performance, and t o  cue reversa l  w i t h  r e t r a i n i n g ,  were 

noted i n  midbra in  responses, b u t  w i thout  an enhancement immediately a f t e r  

cue reversa l .  V a r i a b i l i t y  o f  impedance was c a l c u l a t e d  i n  ea r l y ,  mid and 

l a t e  t r a i n i n g ,  and a f t e r  cue reversa l  and du r ing  r e t r a i n i n g ,  f o r  the con- 

secu t i ve  epochs o f  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  behavior .  I n  

hippocampus and midbrain,  v a r i a b i l i t y  dec l ined p rog ress i ve l y  f o r  the who 

t e s t  epoch a t  inc reas ing  performance l e v e l s ,  b u t  increased sharp ly  imme- 

d i a t e l y  a f t e r  cue reversa l ,  dec l i n ing  again w i t h  r e t r a i n i n g .  Amygdaloid 

v a r i a b i l i t y  was lowest immediately a f t e r  cue reve rsa l .  U n i l a t e r a l  v isua  

e 



-3- 

cortical resection, leading to retrograde loss of about 80 per cent of lateral 

geniculate neurons, was followed by perturbations in geniculate impedance 

baseline from 10 to 30 days postoperatively. Subsequently, responses to 

a cyclohexamine drug were reduced in the degenerated nucleus to about 20 

per cent of those in the intact nucleus. In modeling these impedance 

phenomena O F  regional specificity and apparent dependence on intact neuronal 

populations, it is proposed that significant current pathways may involve 

both neuroglial elements and an intercellular substance containing appre- 

ciable quantities of mucoproteins and mucopolysaccharides. 

lation of conductivity in this substance by adjacent neuronal and neuroglial 

elements is reviewed, in terms of information transaction and storage in 

a micrometabolic module o f  neurons, neuroglia and intercellular fluid. 

Possible modu- 
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i n t roduc t i on  

C o r r e l a t i o n  of essent a1 elements of behavior,  i nc lud ing  arousa l ,  

o r i e n t i n g  and learned d i s c r  mina t ive  hab i t s ,  w i t h  e lec t rophys io log i ca l  

phenomena recorded i n  c o r t i c a l  and subcor t i ca l  nuc le i ,  has added much 

new knowledge o f  cerebra l  system organ iza t ion  ( 3 ,  13, 19, 29, 35). It 

has a l s o  opened windows on in t imate  aspects o f  neuronal f i r i n g  pa t te rns  

i n  the course o f  these responses (22, 28, 3 2 ) .  

have remained o f  b a f f l i n g  complexity, and ana lys i s  o f  EEG and i n t r a c e l l u l a r  

wave pa t te rns  e l  i c i  t e d  i n  the same contex t  has ind ica ted  t h a t  they may 

on ly  i n d i r e c t l y  r e f l e c t  long-term changes i n  t i ssue  s ta tes  associated w i t h  

the s torage o f  in format ion.  

Yet these u n i t  d ischarges 

Mor has i t  been c l e a r  t h a t  storage o f  in fo rmat ion  occurs e x c l u s i v e l y  

i n  the neuronal compartment o f  cerebra l  t i ssue  (18). i n t ima te  envelopes 

o f  mucopolysaccharide and mucoprotein around the neuron, and i n t e r v e n t i o n  

of a subs tan t i a l  neu rog l i a l  compartment between neuronal and vascular  

elements, have emphasized the metabol ic  interdependence o f  neurons and 

g l i a l  c e l l s .  I n  prev ious s tud ies ,  measurements o f  e l e c t r i c a l  impedance 

i n  f o c a l  volumes o f  cerebra l  t i ssue were used t o  de tec t  changes i n  t i ssue  

s ta tes  associated w i t h  s leep and wakefulness, and a l s o  i n  r e l a t i o n  t o  

o r i e n t i n g  and d i s c r i m i n a t i v e  behavior ( 1 ,  2) .  

low- level  impedance measuring cur ren ts  used i n  these e a r l i e r  s tud ies  were 

through e x t r a c e l l u l a r  f l u i d  and neurog l i a l  c e l l s ,  s ince bo th  may be assumed 

t o  o f f e r  c u r r e n t  pathways preferred over the s u b s t a n t i a l l y  h igher  impedance 

r o u t e  through neuronal membranes. 

The probable pathways f o r  

impedance s h i f t s  of the order of 15 per  cent  o f  base l ine  values 

occurred du r ing  a learned performance. The i r  magnitude lends support  t o  
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the vie:-: th3t  they a l s o  ~ r r u r  i n  non-neuronal s t ruc tu res ,  a l though they 

may a r i s e  through neuronal inf luences on these adjacent  elements. The 

bas is  o f  the reg iona l  q u a l i t a t i v e  d i f ferences descr ibed here thus appears 

t o  l i e  i n  the l o c a l  c h a r a c t e r i s t i c s  o f  non-neuronal elements. The present 

s tudy has invo lved examinat ion of reg iona l  Charac te r i s t i cs  o f  these 

impedance responses i n  r e l a t i o n  t o  d i f f e r e n t  l e v e l s  of learn ing ,  and 

f o l l o w i n g  cue reversa l  w i t h  r e t r a i n i n g ;  i t  has a l s o  included s tud ies  o f  

the e f f e c t s  on drug-indoced impedance responses o f  loss o f  neuronal e l e -  

ments i n  cerebra l  n u c l e i .  

Ma te r ia l  and Methods 

A .  Behavioral  s tud ies  

I n  the behaviora l  s tud ies,  seven ca ts  were prepared w i t h  c h r o n i c a l l y  

implanted electrodes, i n  b i l a t e r a l l y  symmetrical placements i n  the dorsa l  

hippocampus, amygdaia and midbra in  r e t i c u l a r  format ion.  E lec t rode p lace-  

ments were subsequently checked h i s t o l o g i c a l l y  and, i n  the hippocampal 

placements, were found t o  l i e  i n  the pyramidal c e l l  l aye r ,  o r  more med ia l l y  

amongst c e l l u l a r  elements o f  the subiculum; i n  the r o s t r a l  m idbra in  r e t i c -  

u l a r  format ion,  they were i n  the dorsal  tegmentum adjacent  t o  the p e r i -  

aqueductal gray mat ter ;  and i n  the amygdala, i n  basal  o r  l a t e r a l  n u c l e i .  

Impedance measurements were made a t  1000 cyc les per  second, us ing  

Wheatstone b r idge  technique, i n  which the coax ia l  impedance measuring 

ect rode,  w i t h  a small volume o f  conduct ing b r a i n  t i ssue  surrounding i t s  

p ,  formed one l e g  o f  the b r idge  (1, 20, 21). E lect rode placements have 

been checked r o u t i n e l y  by h i s t o l o g i c a l  examination o f  f rozen  sec t ions .  

The t e s t  animals were deprived o f  food, bu t  no t  water,  f o r  23 hours 

p r i o r  t o  each t r a i n i n g  session. Behavioral  t r a i n i n g  invo lved an automated 
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t e s t  prncedure i n  a mod i f i ed  T-maze, w i t h  successive p resen ta t i on  o f  

a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  epochs. An a l e r t i n g  s t imulus (a 

500 cyc les  per second tone l a s t i n g  0 . 5  second) was f i r s t  presented. 

was fo l lowed 1.6 seconds l a t e r  by  i l l u m i n a t i o n  o f  one goal area a t  the end 

o f  the T-box, as a cue f o r  the subsequent l i g h t - d a r k  d i sc r im ina t i on .  A t  

t h i s  stage, the  c a t  was ab le  t o  o r i e n t  towards the t e s t  s i t u a t i o n  through 

transparent doors i n  the s t a r t  box. These doors opened 1.6 seconds l a t e r ,  

and the approach t o  the food reward (milk, presented au tomat i ca l l y  upon 

c o r r e c t  choice) l as ted  about 1.5 seccnds. Cues and p h o t o e l e c t r i c a l l y  

generated s igna ls  r e l a t i n g  t o  response la tency  were recorded together  w i t h  

This  

impedance and EEG s igna ls  on a Sanborn 150 c h a r t  recorder .  

Each day's t r a i n i n g  invo lved 30 t r i a l s .  Averages o f  the impedance 

records f o r  each t e s t  day were prepared o n - l i n e  w i t h  a Mnemotron CAT com- 

pu te r ,  us ing  an 3 second ana lys i s  epoch. 

IBM 7094 computer, v a r i a b i l i t y  between d a i l y  averages was ca l cu la ted  over 

epochs of  5 successive dsys, i n  the form o f  standard e r r o r  of the mean 

t race,  a t  chance l e v e l s  o f  performance, and a t  80 percent  and c lose  t o  

100 per  cent  performance. V a r i a b i l i t y  was s i m i l a r l y  ca l cu la ted  immediate 

a f t e r  cue reversa l ,  and i n  the course o f  r e t r a i n i n g  i n  the reversed parad 

I n  subsequent analyses w i t h  an 

Y 

gm 

B. Studies i n  deqenerated cerebra l  t i ssue  

I n  s i x  ca ts ,  the v i s u a l  co r tex  was u n i l a t e r a l l y  ab la ted  about two 

months a f t e r  b i l a t e r a l  implantat ion o f  two coax ia l  impedance e lec t rodes  

i n  each l a t e r a l  gen icu la te  nucleus. One coax ia l  e lec t rode  was p laced 

a n t e r i o r l y  i n  the gen icu la te  nucleus, and p r i m a r i l y  spanned o p t i c  t r a c t  

f i b e r s .  The other  was located p o s t e r i o r l y  i n  the c e l l u l a r  laminae o f  the 

nucleus. Stable l e v e l s  i n  d a i l y  impedance measurements i n  these e lec t rodes  
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was a t t a i n e d  20 t o  30 days a f t e r  implantat ion.  

re t rograde degenerat ion w i l l  be discussed below. H i s t o l o g i c a l  evidence 

ind i ca ted  a j o u t  80 per cent  neuronai loss f o l l o w i n g  c o r t i c a l  a b l a t i o n  and 

conf i rmed accuracy o f  e lec t rode  placements, 

Changes occu r r i ng  dur ing  

Pharmacological man ipu la t ion  o f  impedance va lues i n  the normal and 

degenerated gen icu la te  t i s s u e  was i n i t i a t e d  no t  less than I5U days a fce r  

c o r t i c a l  a b l a t i o n .  A psychotomimetic cyelohexamine ( I - (phenyl  cyc lohexy l )  

p i p e r i d i n e  :nonohydrochloride, Sernyl) i n  doses o f  bmg/KcJ I P  w3s tested, i n  

v iew o f  prev ious evidence of e f f e c t s  on impedance i n  cerebra l  t i ssue  (1) .  

The same animals have been used i n  s tud ies  o f  the e f f e c t s  o f  e t h y l  a lcoSol 

on impedance, and r e s u l t s  repor ted elsewhere (26). 

Resu I t s  

A. impedance respoEes accompanyinq behaviora l  performances 

Evidence f o r  the progress ive appearance of an "evoked" change i n  

impedance i n  hippocampal t i ssue  dur ing a c q u i s i t i o n  o f  a v i s u a l  d i s c r i m i n a t i v e  

h a b i t  has been presented elsewhere (2). 

e f f e c t s  o f  cue reversa l  on the d a i l y  computed average o f  hippocampal 

impedance dur ing  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  performances. A 

second phase o f  the study has concerned the var iance between d a i l y  averages 

a t  d i f f e r e n t  l e v e l s  o f  t r a i n i n g ,  i n  hippocampus, midbra in  r e t i c u l a r  f o r -  

mat ion and amygdala, 

The present  s tudy has considered 

1 .  Dai 1~ averaqes of hippocanpal Impcdance i n  approach t r a i n i n q  

and cue reversa l  

A t  h igh  performance levels ,  a sharp f a l l  i n  hippocampal impedance 

occurred du r ing  the d i s c r i m i n a t i v e  performance (Fig.  1 ) .  

f o l l o w i n g  f igures ,  each 8 second ana lys i s  epoch has been marked w i t h  three 

In  t h i s  and the 
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v e r t i c a l  bars,  corresponding t o  the i i iOmef i tS  o f  successive presenta t ions  

o f  the a l e r t i n g  tone s t imulus,  and the o r i e n t i n g  ( l i g h t  on) and d i sc r im-  

i na t i v e  s i tua t ions (door open), 

d i s c r i m i n a t i v e  performance i n  th is  t r a i n e d  animal (F ig .  1A) occurred i n  

the "caDaci t ive" ( reac t ive)  lead. The d a i l y  averages va r ied  i n  contour 

and magnitude o f  response, b u t  t y p i c a l l y  an i n i t i a l  smal l  f a l l  i n  capac- 

i tance was fo l lowed by a l a rge r  r i s e .  

by an overshoot l a s t i n g  3 t o  5 seconds. The response began a t ,  o r  

s l i g h t l y  before,  the t ime o f  door opening, and extended beyond the end 

of the  an imal 's  approach t o  food, which averaged about 1.5 seconds. 

magnitude o f  t h i s  d e f l e c t i o n  was from 5 t o  8 per cent  o f  base l ine  impedance 

The maj o r  d e f l e c t  i cn accompanying the 

Return t o  base l ine  was fo!lowed 

The 

When behaviora l  cues were reversed, r e q u i r i n g  an approach t o  

the u n l i t  s i de  o f  the Sox f o r  food reward, the impedance response sharp ly  

increased on the f i r s t  day o f  t r a i n i n g  by comparison w i t h  days immediately 

preceding the reversa l ,  (F ig .  18). Thereaf ter ,  the d a i l y  averages showed 

a r a p i d  decl  ine and disappearance o f  the response. Exaggeration o f  the 

response on the f i r s t  day a f t e r  reversa l  i s  o f  i n t e r e s t  i n  the l i g h t  o f  a 

concurrent e x a l t a t i o n  o f  r e g u l a r i t y  i n  averaged hippocampal EEG records 

under the same cond i t i ons  ( 3 ) .  

With f u r t h e r  r e t r a i n i n g ,  the d a i l y  averageagain showed a smal l  

d e f l e c t i o n  dur ing  d i s c r i m i n a t i o n  as performance rose above chance leve ls .  

Emergence of t h i s  d e f l e c t i o n  i n  the average was n o t  r e l a t e d  t o  la tency  

o f  response, ivhich had s t a b i l i z e d  be fo re  at ta inment  o f  the 50 per  cent  

performance l e v e l .  i t  w i l l  be noted t h a t  w i t h  r e t r a i n i n g ,  the evoked 

response moved progress ive ly  t o  an e a r l i e r  p o s i t i o n ,  so t h a t  the i n i t i a l  

i n f l e c t i o n  occurred s l i g h t l y  before opening o f  the doors. These f i n d i n g s  

suggest establ ishment of a t ime- t race cond i t ioned r e f l e x ,  o f  a type noted 
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previn~sly in analysis of EEG records from the hippocampus ( 3 1 ,  and is 

difficult to avoid in this test situation with necessarily fixed inter- 

stimulus interva!s. Hippocampal impedance records failed to disclose 

any major deflections in relation to the alerting tone or presentation 

of the orienting situation, by contrast with the large and consistent 

response in discriminative performances in the trained animal, persisting 

into considerable degrees of overtraining. 

Examination o f  similar cmputed daiiy averages for the amygdala 

and rostral midbrain reticular formation did not permit such clear inter- 

pretation. Responses were present in the midbrain reticular formation in 

both orienting and discriminative epochs, but waxed and waned over periods 

of several days, and were smaller than in the hippocampus. In the amygdala, 

consistent responses were not seen in these daily averages in any of the 

three epochs. For this reason, a more sensitive evaluation was sought, 

by computation of averages over periods of 5 successive training days. 

This calculation also a?!owed assessment of variance between daily 

averages over this period. 

2 .  iniilpedaiice respcnses I n  hippocampus. amyqdala - and reticular 

formation durinq alertinq, orientinq and discrimination, 

Calculation of 5-day averages for each of these structures in 

the course o f  training revealed patterns not detected in daily averages. 

Although "smearing" of responses not tightly time-locked to the cues was 

greater with this technique, the resuitant smoothing enhanced more 

strictly related deflections. 

a. Hippocampal responses 

At high performance levels, 5-day averages of hippocampal 

impedance showed a large biphasic response during discrimination 
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x i t h  3 sharp f a l l  l a s t i n s  about 1.5 seconds, fo l lowed by a slower 

r i s e  above basel  ine (F ig .  2A) 

each p l o t  shows three curves. The middle curve dep ic ts  the mean, 

the one above i t  ind ica tes  an upper l i m i t  of  v a r i a b i l i t y ,  s ince 

I t  shows the mean p l u s  one standard e r r o r  o f  the mean; and the 

lawest curve s i m i l a r l y  describes the lower l i m i t  o f  v a r i a b i l i t y .  

A smal ler  evoked decrease occurred on presenta t ion  o f  the a l e r t i n g  

tone, w i t h  recovery o f  basel ine impedance p r i o r  t o  commencement 

o f  d i s c r i m i n a t i o n .  A t  100 per cent  performance l e v e l ,  v a r i a b i l i t y  

was smal l  throughout the ana lys is ,  inc reas ing  t r a n s i e n t l y  i n  the 

r e a c t i v e  lead w i t h  p resenta t ion  o f  the a l e r t i n g  tone. 

I n  t h i s  and subsequent f i gu res ,  

A f i ve-day  average immediately a f t e r  cue reversa l  was 

s t r i k i n g l y  d i f f e r e n t  (F ig .  28 ) .  V a r i a b i l i t y  widened sharp ly  

throughout the ane lys i s  epoch i n  both r e a c t i v e  and r e s i s t i v e  

leads. ?he la rge  decrease i n  impedance dur ing  d i s c r i m i n a t i o n  

was reduced t o  one- four th  of i t s  previous ampl i tude, and the 

response du r ing  a l e r t i n g  and o r i e n t i n g  epochs was no longer d i s -  

c e r n i b l e .  I n  the course o f  r e t r a i n i n g  t o  the dark cue (F ig.  2C), 

v a r i a b i l i t y  again diminished t o  l eve l s  s i m i l a r  t o  those when 

f u l l y  t r a i n e d  i n  the l i g h t  cue. A t  the 76 per  cent  performance 

l e v e l ,  the response du r ing  d i s c r i m i n a t i o n  had increased t o  

about h a l f  i t s  amp! i tude a t  100 per  cent  performance i n  the 

prev ious paradigm. 

b. Midbra in  r e t i c u l a r  responses 

Ca lcu la t i on  o f  s i m i l a r  5 day averages i n  midbra in  

impedance records a l s o  showed mod i f i ca t i ons  o f  v a r i a b i l i t y  

t h a t  r e l a t e d  t o  l eve l s  o f  behaviora l  performance (F ig.  3 ) .  
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These records, i n  a d i f f e r e n t  sub jec t  from tha t  i n  F ig .  2, 

shwed  a v a r i a b i l  i t y  of  the order of f 2.5 percent  o f  the 

mean capacitance, and f 1.5 per cent  o f  mean res is tance a t  

chance performance leve ls  (Fig. 3 A ) .  When f u l l y  t ra ined,  

v a r i a b i l i t y  had shrunk t o  narrow l i m i t s ,  and small responses 

were d i s c e r n i b l e  du r ing  a l e r t i n g  and d i s c r i m i n a t i v e  epochs 

(F ig.  3 B ) .  

again increased subs tan t i a l l y ,  and evoked responses were 

no longer  d i s c e r n i b l e  (Fig.  3C). A t  t h i s  stage, the animal 

was perscverzt,ng in  the use of the prev ious l i g h t  cue, b u t  

w i t h  r e t r a i n i n g  t o  chance performance leve ls ,  impedance 

v a r i a b i l i t y  dec l ined (Fig.  38) and a t  86 per cent  per-  

formance was a t  a low l eve l  s i m i l a r  t o  t h a t  i n  F ig .  3 8 ,  

a t  f u l l  t r a i n i n g  i n  the i n i t i a l  paradigm. I n  the r e t r a i n e d  

sub jec t ,  small evoked responses occurred dur ing  the o r i e n t i n g  

epoch, ra the r  than dur ing  a l e r t i n g  or d i sc r im ina t i on .  

Immediately a f t e r  cue reversa l ,  v a r i a b i  1 i t y  

c. Amyqdaloid responses 

Despi te phys ica l  p rox im i t y  t o  the hippocampus, and 

aspects o f  a cmmon b lood supply, evoked impedance changes 

i n  the amygdala (F ig .  4) of the same animal as i n  F ig .  2 

bore no resemblance t o  the  hippocampal responses. I n  l i g h t  

o f  the phys io log i ca l  r o l e  o f  the amygdala i n  long term 

s ta tes  of a le r tness ,  r e l a t i n g  t o  such func t ions  as hunger, 

rage and sexual goals,  i t may be noted tha t ,  a1 though 

v a r i a b i l i t y  dec l ined progress ive ly  from chance performance 
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to full & - - : - s e a  I C : ,  
L i a i i i i i i y  1 1  By. 1: A 2nd E ) ,  

occurred immediately a f t e r  cue reversa l  (F ig .  4C), i n  con- 

t r a s t  t o  the f i n d i n g s  i n  the  hippocampus and midbra in  r e t i c -  

u l a r  format ion.  A t  t h i s  t ime,  a small b iphas ic  response 

occurred i n  the r e a c t i v e  lead, and a t r a n s i e n t  response 

l a t e  i n  d i s c r i m i n a t i o n  was associated i n  most t r i a l s  w i t h  

complet ion o f  an i n c o r r e c t  approach. 

the ? Q Y P S ~  variability 

Subsequent r e t r a i n i n g  w i t h  the dark cue t o  chance 

leve ls  o f  performance (F ig.  40) was s t i l l  assoc iated w i t h  

a small response i n  the  a l e r t i n g  epoch, now more obvious 

i n  the r e s i s t i v e  than the capac i t i ve  lead, b u t  there  was 

no longer a c l e a r  response du r ing  d i sc r im ina t i on .  

I t  would thus appear tha t ,  whereas the l a r g e s t  and 

most cons is ten t  hippocampal responses were associated w i t h  

d i s c r i m i n a t i v e  performances, and i n  midbra in  r e t i c u l a r  

format ion w i t h  o r i e n t a t i o n  and d i sc r im ina t i on ,  the amygdala 

e x h i b i t e d  responses throughout t r a i n i n g  on ly  i n  the a l e r t i n g  

epoch. This  reg iona l  s p e c i f i c i t y  w i l l  be discussed f u r t h e r  

below. 

B. Impedance phenomena du r inq  and f o l l o w i n q  re t roqrade neuronal 

deqenera t i on. 

I n  f u r t h e r  eva lua t i on  o f  the nature o f  these impedance responses, 

we have examined the r o l e  of neuronal elements, embedded i n  e x t r a c e l l u l a r  

f l u i d  and s u b s t a n t i a l l y  surrounded by n e u r o g l i a l  c e l l s ,  s ince, desp i te  

the  h igh  res is tance pa th  o f fe red  by neuronal membranes, neuronal a c t i v i t y  

may modulate conductance i n  surrounding t i ssue  compartments. 
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1 .  E f f e c t s  o f  v i s u a l  c o r t i c a l  resec t i on  on bLsg l ine  impedance 

i n  l a t e r a l  qen icu la te  nucleus. 

D a i l y  measurements o f  basel ine impedance l e v e l s  i n  the l a t e r a l  

gen icu la te  n u c l e i  were made f o r  a minimum per iod  o f  two months a f t e r  

b i l a t e r a l  e lec t rode  imp lan ta t ion .  T y p i c a l l y  i n  t h i s  per iod ,  there was a 

gradual decrease i n  v a r i a b i l i t y  i n  d a i l y  measurements (Fig.  5 ,  upper end 

lower l e f t ) .  

Resectior: o f  the r i g h t  v i s u a l  co r tex  50 days a f t e r  imp lan ta t ion  

was fo l lowed by a r e a c t i o n  i n  gen icu la te  impedance, beginn ing about seven 

days a f t e r  opera t ion .  I n  the r i g h t  l a t e r a l  gen icu la te  body, there was 

a sharp increase i n  res is tance and capacitance, amounting t o  30 t o  50 

per  cent  o f  base l ine  values (F ig .  5 ,  !ower r i g h t ) .  These changes las ted  

about 10 days i n  the a n t e r i o r  e lec t rode i n  the r i g h t  l a t e r a l  gen icu la te  

body, b u t  p e r s i s t e d  f o r  about 30 days i n  the p o s t e r i o r  lead, loca ted  i n  

the main c e l l u l a r  laminae o f  the gen icu la te  nucleus, and the s i t e  o f  the 

main degenerat ive phenomena. Here, the r e s i s t i v e  lead showed a se r ies  o f  

c y c l i c  f l u c t u a t i o n s  w i t h  a p e r i o d i c i t y  o f  about IO days, and l a r g e s t  i n  

the t h i r d  and l a s t  peak, w i t h  a doubl ing o f  res is tance over base l ine  values. 

A f t e r  an i n i t i a l  r i s e ,  capac i t i ve  readings i n  t h i s  lead showed a s e r i e s  

o f  troughs which e s s e n t i a l l y  m i r ro red  simultaneous peaks i n  r e s i s t i v e  values 

A f t e r  30 days, r e s i s t i v e  and capac i t i ve  readings resumed values s i m i l a r  t o  

those seen p reopera t i ve l y .  

I n  the l e f t  l a t e r a l  gen icu la te  body, on the s ide  opposi te  t o  

the v i s u a l  c o r t i c a l  resec t ion ,  t rans ien t  changes a l s o  occurred postoper-  

a t i v e l y  (F ig .  5, upper r i g h t ) .  

i tance occurred one week pos topera t ive ly ,  b u t  no f u r t h e r  pe r tu rba t i ons  

were observed. H i s t o l o g i c a l  examination has no t  d isc losed s i g n i f i c a n t  

A t r a n s i e n t  r i s e  i n  res is tance and capac- 
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degeneration here, i n  c o n t r a s t  t o  f i nd ings  i n  the r i g h t  l a t e r a l  gen icu la te  

body. 

2. Impedance pknomena i n  normal and deqenerated qen icu la te  t i ssue  

under the in f luence o f  1-(phenyl cyc lohexy l )  p i p e r i d i n e  

monohydrochloride (Sernyl) . 
The r o l e  o f  nueronal elements i n  the mu1 t i -cornparmenid;  a~-i-ai;ga= 

ment o f  cerebra l  t i ssue  requ i res  cons idera t ion  o f  t h e i r  i n t e r r e l a t i o n s  

w i t h  enveloping n e u r o g l i a l  and e x t r a c e l l u l a r  t i ssue.  I f  they exerc ise 

some modulat ing in f luence on s t ruc tu res  i n  t h e i r  environment, then t h e i r  

removal would be fo l l owed  by loss  o f  such e f f e c t s .  Wi th  impedance measure- 

ments, such a sequence o f  events might be c l e a r l y  d isc losed,  by reason o f  

the preponderance o f  cu r ren t  f l o w  through extraneuronal  compartments, as 

discussed below. Man ipu la t ion  o f  normal and degenerated gen icu la te  n u c l e i  

w i t h  a cyclohexamine drug, Sernyl, i nd  

can indeed be detected. 

Cyclohexamine drugs of  t h i s  

uated c l i n i c a l l y  i n  r e l a t i o n  t o  induct 

cated t h a t  such d i f f e r e n t i a l  e f f e c t  

se r ies  have been ex tens i ve l y  eva l -  

on o f  amnesic s ta tes  and concomitant 

psychotomimetic e f f e c t s .  

pressure o r  r e s p i r a t i o n  (25), so t h a t  t h e i r  e f f e c t s  on cerebra i  inipedaiice 

appear t o  r e l a t e  t o  d i r e c t  inf luences on cerebra l  t i ssue  (1 ,  3 5 ) .  Sernyl  

was admin is tered 3 t o  6 months a f t e r  a b l a t i o n  o f  the v i sua l  co r tex .  

They are w i thou t  s i g n i f i c a n t  e f f e c t s  on b lood 

Typ ica l l y ,  Sernyl  i n  doses o f  2 t o  4 mg/kg by  i n t r a p e r i t o n e a l  

i n j e c t i o n  produced a f a l l  o f  8 to  IO per cent  i n  res is tance i n  p o s t e r i o r  

gen icu la te  leads i n  c e l l u l a r  zones o f  the nucleus (F ig .  6, LLG POST, 

p o s t e r i o r  l e f t  l a t e r a l  genicu late) .  A smal ler  f a l l  i n  res is tance occurred 

i n  a n t e r i o r  gen icu la te  leads (Fig. 6, LLG ANT). 

about  90 minutes, w i t h  approximate r e t u r n  t o  base l ine .  

These changes las ted  

Simultaneous 
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reac t i ve  measurements i n  the ! e f t  nnc!eus showed comparable increases i n  

capaci tance. I n  s t r i k i n g  cont ras t ,  r e s i s t i v e  changes i n  the degenerated 

r i g h t  gen icu la te  nucleus were on ly  about 2 per cent  i n  i t s  p o s t e r i o r  zones 

(F ig .  6, RLG POST!, now depr ived of  about 80 per  cent  o f  t h e i r  neuronal 

populat ion,  and of the order  o f  1.0 per  cent  i n  a n t e r i o r  zones (F ig.  6, 

RLG ANT), 

p o s t e r i o r  lead, and i n  the a n t e r i o r  lead, i t  appeared t h a t  a h igher  base- 

l i n e  was s low ly  es tab l i shed over a p e r i o d  o f  100 minutes a f t e r  drug 

Capac i t i ve  l e v e l s  were not  changed apprec iab ly  i n  the r i g h t  

i n j  ec t ion.  

These f i n d i n g s  support  the view t h a t  removal o f  the m a j o r i t y  

o f  neurons from a cerebra nucleus g r e a t l y  diminishes impedance responses 

o f  pharmacological manipu a t i ons ,  i n  agreement w i t h  prev ious f i nd ings  o f  

d imin ished responsiveness t o  a lcohol  (26) i n  the c a t ,  and decreased e f fec ts  

o f  hypocapnea i n  s c l e r o t i c  human hippocampal t i ssue  (34). 

Discussion 

This  study has ind ica ted  tha t  impedance o f  small volumes o f  cerebra l  

t i s s u e  changed d i f f e r e n t i a l l y  a t  d i f f e r e n t  s i t e s  i n  the course o f  a 

r e p e r t o i r e  o f  a l e r t i n g  and learned responses. Moreover, the magnitude 

o f  these responses increased as l eve l s  o f  performance rose progress ive ly  

above chance. 

r e t r a i n i n g .  V a r i a b i l i t y ,  as ind ica ted  by standard e r r o r  of the mean, i n  

these impedance records was large i n  i n i t i a l  t r a i n i n g  t r i a l s ,  decreased 

p rog ress i ve l y  w i t h  t r a i n i n g ,  rever ted t o  wider l eve l s  on cue reversa l ,  and 

decreased once more w i t h  r e  t r a  i n  i ng . 

They were suscept ib le  t o  cue reversa l  and subsequent 

These impedance responses thus appear t o  r e l a t e  t o  changes i n  

i n t r i n s i c  c h a r a c t e r i s t i c s  of cerebra l  t issue.  Previous s tud ies  have 
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Indicated that  reg 

s h i f t s  i n  carbon d 

both i n  man and an 

f l u i d  has 

conduc t i v 

phase, Co 

onal d i f fe rences  i n  impedance responses occur w i t h  

oxide leve ls  induced by hypercapnea or  hyperven t i l a t i on ,  

mals, and t h a t  they do no t  a r i s e  i n  simple r e l a t i o n -  

sh ip  t o  a l t e r a t i o n s  i n  b lood pressure, cerebra l  b lood f l o w  o r  b r a i n  temp- 

e r a t u r e  (4, 34) . 
Nevertheless,  p rec ise  l oca t i on  o f  t h e i r  s i t e  o f  o r i g i n  i n  a t r i -  

compartmental system compris ing neurons, neurogl ia !  c e l l s  and i n t e r c e l l u l a r  

remained uncer ta in .  From the Maxwell equations, as app l i ed  t o  

t y  o f  a s o l u t i o n  w i t h  non-conducting bodies fcrming the dispersed 

e (9) developed a cerebra l  model t h a t  took account o f  the h igh  

res is tance o f  neuronal membranes, and concluded t h a t  a t ransneuronal  path-  

way c o n t r i b u t e d  i n s i g n i f i c a n t l y  t o  conductance measured across the t i ssue  

as a whole. With a t y p i c a l  neuronal membrane res is tance o f  the order  o f  

1000 ohms/cm2 (IO), p r e f e r r e d  cu r ren t  pathways would be a n t i c i p a t e d  

through p e r i c e l l u l a r  f l u i d ,  and perhaps through neurog! ia l  c e l l s .  The 

c o n t r i b u t i o n  o f  neu rog l i a l  c e l l s  t o  the t o t a l  conductance has been v a r i o u s l y  

est imated. 

t i ssue  c u l t u r e .  K u f f l e r  and Pot te r  (24) have repor ted  much h igher  values 

i n  the g i a n t  n e u r o g l i a l  elements o f  leech gangl ia ,  o f  the order  o f  

1000 ohms/cm , and no t  s u b s t a n t i a l l y  d i f f e r e n t  frm neuronal membrane 

res is tance i n  the same preparat ion.  These d i s p a r i t i e s  may r e l a t e  t o  

d i f f e rences  i n  measuring technique, i nc lud ing  c o n t r o l  o f  carbon d iox ide  

metabolism, t o  which a t t e n t i o n  has been drewn i n  s tud ies i n  c e l l s  having 

neurogl  i a l  c h a r a c t e r i s t i c s  i n  the f i s h  r e t i n a  (37).  

There i s  general agreement tha t  e x t r a c e l l u l a r  space o f f e r s  a h igh  

H i l d  and Tasaki (17) obta ined values o f  3 t o  IO ohm/cm2 i n  

2 

conductance pathway, bu t  i t s  prec ise r e l a t i o n s h i p  t o  the observed impedance 

requ i res  cons ide ra t i on  of the extent  o f  the space i n  cerebra l  t i ssue,  and 
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its content of macromolecular and ionic material. If it is the site of 

the impedance changes described here, then a substrate must be sought in 

a temporary and presumably reversible movement of ions into it, a movement 

presumably initiated in neuronal elements, but capable of modulation by 

neuroglial cells, or of influencing neuroglia, as discussed below. 

Estimates of the extracellular space by electron microscopy nave 

varied from as little as 4 per cent to as much as 24 per cent (15). These 

discrepancies may relate primarily to methods of fixation. Rapid neuro- 

glia! swelling wjth imbibition of fluid after death may lead to abnormal 

low figures, as may also the presence of certain cations in the fixative 

as discussed below. 

closer to the cryogenic techniques of van Harreveld et al. than was poss 

Glutaraldehyde fixation (2’’;) hes yielded results 

with older osmic acid fixation. Estimates by chemical analysis have dis- 

closed an extracellulsr space of approximately 15 per cent (36). 

Movement of ions in the extracellular space will be substantially 

modified by the presence therein of macromolecules exhibiting ion-binding 

and fixed charge characteristics (23, 39) ,  so that it is not possible to 

model ionic behavior in the perineuronal environment from consideration 

of a mere aqueous solution permitting unimpeded flow. 

requires cons ideration of such macromolecules in terms of dynamic 

actions with cellular elements that they surround, and their role n con- 

current impedance phenomena. 

-. lne present study 

nter- 

Y 

ble 

Our findings of evoked impedance changes paralleling the level of 

learning suggest that changed conductance arises in the perineuronal 

environment, involving either neuroglial elements or intercellular fluid, 

or both. Green, Maxwell and Petsche (14) pointed out that the afterpotentials 
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accompanying r e p e t i t i v e  hippocampal s t i m u l a t i o n  cou ld  be i n te rp re ted  on the 

bas is  of e x t r a c e l l u l a r  i o n i c  accumulation, perhaps i n v o l v i n g  potassium. 

Iln our s tud ies,  these impedance changes occurred f a c u l t a t i v e l y  i n  the 

course or' learned responses, w i thout  major s h i f t s  i n  base l ine  impedance 

over the many days o f  t r a i n i n g .  

I f  these impedance changes occur in  the narrow c i e t t s  between neuronai 

membranes and adjacent  neuronal and n e u r o g l i a l  elements, conductance char- 

a c t e r i s t i c s  here w i l l  depend on t h e i r  macromolecular content ,  as noted above. 

i d e n t i f i c a t i o n  o f  macromolecular ma te r ia l  i n  e l e c t r o n  micrographs o f  k idney 

and i n t e s t i n a l  t i ssue  l e d  t o  a search f o r  comparable i n t e r c e l l u l a r  sub- 

stances i n  c e n t r a l  nervous t i ssue  ( 3 3 ) .  I n  sec t ions  o f  ma te r ia l  prepared 

i n  ethy lene and propylene g l y c o l ,  and i n  the absence o f  ca!cium s a l t s ,  

Pease has d isc losed subs tan t i a l  amounts of mate r ia l  i n  i n t e r c e l l u l a r  c l e f t s  

i n  cerebra l  cor tex ,  n o t  revealed i n  c lass ica ' i  e l e c t r o n  micrographs prepared 

from f i x e d  m a t e r i a l .  This substance s t s i n s  s t r o n g l y  w i t h  phosphotungstic 

a c i d  a t  pH3.5, thus d i f f e r i n g  from t y p i c a l  mucopolysaccharides, and i t s  

chemic21 i d e n t i t y  remains undisclosed. 

Katchalsky (23) has emphasized the suscept ib i  1 i t y  o f  such macro- 

molecular  po l yca rboxy l i c  ac ids  t o  p r e c i p i t a t i o n  by  a!kal i r?e e a r t h  ca t ions .  

Remarkable shr inkage i n  volume i s  induced by exchanging p a r t  o f  the sodium 

counter- ions a t  the  membrane surface f o r  ca lc ium ions. Neurons i n  t i s s u e  

c u l t u r e ,  and d issec ted  fragments o f  neuronal membrane, bo th  e x h i b i t  e l e c t r o -  

k i n e t i c  e f f e c t s  i n  the presence of  a foca l  E.M.F. i n  ways i n d i c a t i v e  o f  

f i x e d  negat ive membrane charges, and apparent ly  r e l a t e d  t o  adherent macro- 

molecular  layers  (11 ,  12) .  I n  studies t o  be repor ted  i n  d e t a i l  e!sewhere, 

as l i t t l e  as 40 microequiva lents  o f  i n t r a v e n t r i c u l a r  ca lc ium s o l u t i o n  was 
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found t o  change impedance o f  s t ructures ad jo in ing  the v e n t r i c l e  by as much 

as 25 per cent fo r  several hours (27). 

We have so f a r  considered ionic fac to rs  which might con t r i bu te  t o  

these impedance changes, e i t he r  by t h e i r  appearance i n  the i n t e r c e l l u l a r  

f l u i d  i n  the course o f  neuronal a c t i v i t y ,  as i n  the case o f  potassium, or 

by t h e i r  a b i l i t y  to  modify f i x e d  charge cna rac te r i s t i cs  Wf surfeite riic:c- 

molecules, and thus, perhaps also,  membrane permeabi 1 i ty.  

termed these macromolecular envelopes "glycocalyces," and has suggested 

for  them a d i r e c t  r o l e  i n  determining d i f f e r e n t i a l  en t ry  o f  sodium and 

potassium t o  pos i t ions  c lose to the plasma membrane. 

a r o l e  r e s t r i c t e d  t o  p inocy to t i c  t rans fer  of ves icu lar  mater ia l ,  and 

s p e c i f i c a l l y  excluding a r o l e  i n  i on i c  mechanisms (8). Our f i nd ings  

suggest t h a t  impedance responses are mediated through perineuronal cun- 

partments; i f  we consider the two a l t e r n a t i v e  paths through neurogl ia  o r  

i n t e r c e l l u l a r  f l u i d ,  aspects o f  p l a s t i c  responsiveness seen here may w e l l  

have o r i g i n s  a t r r i b u t a b l e  t o  an i n t e r c e l l u l a r  f l u i d  character ized by a 

mat r ix  of macromolecules. 

Bennett (7) has 

Others have proposed 

Nevertheless, assignment of such a r o l e  exc lus ive ly  t o  an i n te r face  

between neuronal elements and a ser ies of giycocaiyces may substantiaiiy 

overs imp l i f y  interchanges t o  which the neurog l ia l  compartment may a l s o  

con t r i bu te  (31), e i t h e r  by d i r e c t  changes in  neurogl la1 membrane resistance, 

o r  by  modulat ion of conductance in i n t e r c e l l u l a r  f l u i d .  N icho l l s  and 

K u f f  l e r  ( 3 0 )  have evaluated the i n t e r c e l l u l a r  f l u i d  i n  leech gang1 i a  as 

adequate i n  volume t o  subserve such a funct ion,  wi thout  s i g n i f i c a n t  

neu rog l i a l  c o n t r i b u t i o n  t o  extraneuronal cur ren t  flow. 

our resu l t s  ind ica te  that  degenerative removal o f  the m a j o r i t y  o f  neurons 

On the one hand, 



from subcor t i ca l  n u c l e i  abol ishes impedance responses t o  drugs e f f e c t i v e  

i n  normal t i ssue,  extending observations made by MacGi l l i v ray ,  Kado and 

Adey (26) w i t h  a lcoho l .  

t o  suggest a mutual interdependence o f  neurons and neurog l i a  i n  metabol ic  

prcx.as5e-S (;$). 

Her tz  (16) has found ev dence of increased metabol ic  a c t i v i t y  in  i s o l a t e d  

n e u r o g l i a l  c e l l s  expose- t o  increased potassium ion concentrat ions,  and no 

comparable e f f e c t s  i n  neurons, Locat ion o f  enzymes by cytochemical techniques 

a t  neuronal-neurogl i a l  and g l  i a l - 9 1  i a l  i n te r faces  (6) i nd i ca tes  that ,  i f  

s i g n i f i c a n t  metabol ic  t ransac t ions  occur i n  t h i s  way, tney do so across 

a space i n  which the macromolecules may p l a y  a r o l e ,  no t  on l y  i n  modulat ion 

o f  i o n i c  f low,  b u t  i n  the coding of  chemical s igna ls  t h a t  would u n d e r l i e  

long l a s t i n g  changes i n  chemical s t ruc tu re  o f  n e u r o g l i a l  c e l l s  i n t e r f a c i n g  

w i t h  neuronal elements. Evidence o f  augmented n e u r o g l i a l  c e l l  concentrat ions 

i n  b ra ins  of animals exposed t o  exa l ted  sensory inputs has been o f f e r e d  by 

Altman (s ) ,  b u t  p e r t a i n s  t o  wh i te  m a t t e r ,  r a t h e r  than t o  c o r t i c a l  o r  nuc lear  

s t ruc tu res .  Nevertheless, the i m p l i c a t i o n  seems c l e a r  t h a t  a t t e n t i o n  should 

be d i r e c t e d  s p e z ~ f ~ t a ? ? y  t s  the r ~ ! e  of  neurog l i a  i n  a micrometabolic 

module o f  neurons, neu rog l i a  and i n t e r c e l l u l a r  f l u i d ,  i nso fa r  as t h i s  may 

determine substrates o f  informat ion storage. 

Evidence from q u i t e  d i f f e r e n t  sources continues 

Y i t h i ~  %e inev!t&!e c o n s t r a i n t s  o f  the Hyden technique, 
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Leqends t o  F iqures 

F ig .  1 .  Computed averages o f  hippocampal impedance records,  each from 

30 d a i l y  t r i a l s ,  a t  h igh  performance l e v e l s  (A), and a f t e r  cue 

reversa l  w i t h  r e t r a i n i n g  ( e ) ,  L e f t  column, " react ive"  readings; 

r i g h t  column, simultaneous " r e s i s t i v e "  readings (see t e x t ) .  In  

esch column, f i r s t  v e r t i c a l  bar marks onset of  a l e r t i n g  tone, 

second marks presenta t ion  o f  cue 1 i g h t  ( o r i e n t i n g  s t imulus)  and 

t h i r d ,  opening o f  s t a r t  box doors. Response dur ing  d i s c r i m i n a t i v e  

epoch i n  r e a c t i v e  component (A) was exaggerated on f i r s t  day 

a f t e r  cue reversa l  (3/24/64) , and disappeared immediately there- 

a f t e r ,  b u t  reappeared with r e t r a i n i n g  ( B ) ,  Downward d e f l e c t i o n s  

i n  capaci tance lead ind i ca te  increased capaci tance (decreased 

impedance). Upward de f l ec t i ons  i n  r e s i s t i v e  lead show increase. 



F i g .  2. Ca lcu la t ions  o f  means and v a r i a b i l i t y  i n  hippocampal impedance 

over 5-day per iods a t  var ious l e v e l s  o f  t r a i n i n g ,  i n  same animal 

as i n  F ig .  1. I n  each graph, the middle t r a c e  ind ica tes  the 

mean, w i t h  upper and l o w e r  t races showing one standard d e v i a t i o n  

i r v l i i  $he GCGC.  Ca! I k r ~ l t i n n s  ind ica te  50 p ico farads ,  w i t h  mean 

base l ine  a t  11 .1  k i l o p i c o f a r a d s  throughout the t r a i n  ng 

maneuvers; and 100 ohms, aga ins t  a mean base l i ne  o f  6.0 Kilohms 

f o r  the same pe r iod .  V a r i a b i l i t y  was low a t  100 per  cent  per-  

formance (A), increased s u b s t a n t i a l l y  immediately a f t e r  cue 

reversa l  (B), b u t  decreased again a f t e r  r e t r a i n i n g  ( C ) .  

- _ -_  



F i g .  3 .  Calcu la t ions  o f  means and v a r i a b i l i t y  iil midbrain r s t l c ~ l a r  

impedance i n  5-day averages dur ing  i n i t i a l  t r a i n i n g  (A and B), 

immediately a f t e r  cue reversa l  (C),  and i n  r e t r a i n i n g  (D.and E), 

w i t h  3 t races i n  each graph, as i n  Fig.  2. Mean b a s e l i n e  was 

4.2 Ki lop ico farads  for r e a c t i v e  lead, and 25 Kilohms f o r  

r e s i s t i v e  lead. Ca l ib ra t ions :  50 picofarads,  increas ing wi th  

downward d e f l e c t i o n ;  and 100 ohms, increas ing w i t h  upward 

de f lec t ion .  Changes i n  v a r i a b i l i t y  and i n  impedance responses 

are  discussed i n  t e x t ,  
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Fig.  4. Ca;culatioiis o f  m a s s  ai;d v a r l a S l ! i t y  In amygda!oid impedance 

i n  5-day averages dur ing  i n i t i a l  t r a i n i n g  (A and E ) ,  immediately 

a f t e r  cue reversa l  (C),  and a f t e r  r e t r a i n i n g  t o  chance per -  

formance l e v e l s  (D), from same anima as i n  Figs.  1 and 2. 

Mean base l ine  was 6.5 k i l o p i c o f a r a d s  f o r  r e a c t i v e  lead, and 

18.5 Kilohms i n  r e s i s t i v e  lead. Cal b ra t ions :  50 p icofarads,  

increas ing w i t h  downward d e f l e c t i o n ;  and 100 ohms, increas ing 

w i t h  upward d e f l e c t i o n .  Changes i n  v a r i a b i l i t y  and i n  impedance 

responses a r e  discussed i n  t e x t .  
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Fig.  5 .  Impedance measurements i n  a n t e r i o r  and pcstericr z m e s  of both 

gen icu la te  bodies from tenth day a f t e r .  e l e c t r o d e  imp lan ta t ion  

u n t i l  r i g h t  v i s u a l  c o r t i c a l  resec t ion  (February 10 t o  A p r i l  2), 

and f o l l o w i n g  c o r t i c a l  resec t ion  (Apr i  1 2 to May 22).  

p o s t e r i o r  gen icu la te  lead showed increas ing impedance per-  

tu rba t ions  from 6 t o  30 days pos topera t ive ly ,  and a b r i e f  

d is turbance a l s o  occurred i n  l e f t  gen icu la te  leads a t  the s i x t h  

day (see t e x t ) .  

R igh t  
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I -  
I -  ' =:-. ' Y  6 .  E f f e c t s  o f  cyclohexamine drug Sernyl (4 mg/Kq) on impedance o f  

normal ( l e f t ,  LLG) and degenerated ( r i g h t ,  RLG) l a t e r a l  geni-  

c u l a t e  t issue.  Drug induced la rge  s h i f t  i n  p o s t e r i o r ,  c e l l u l a r  

zones of normal l e f t  l a t e r a l  genicu late,  and less i n  a n t e r i o r  

regions. Only small  changes i n  capaci tance o r  res is tance 

occurred i n  degenerated r i g h t  nucleus (see tex t ) .  Figures a t  

commencement of  each t r a c i n g  show base l ine  values i n  K i l o p i c o -  

farads and Kilohms for  each lead. 


